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The talus is one of the most commonly preserved post-cranial elements in
the platyrrhine fossil record. Talar morphology can provide information
about postural adaptations because it is the anatomical structure responsible
for transmitting body mass forces from the leg to the foot. The aim of this
study is to test whether the locomotor behaviour of fossil Miocene platyr-
rhines could be inferred from their talus morphology. The extant sample
was classified into three different locomotor categories and then talar
strength was compared using finite-element analysis. Geometric morpho-
metrics were used to quantify talar shape and to assess its association
with biomechanical strength. Finally, several machine-learning (ML) algor-
ithms were trained using both the biomechanical and morphometric data
from the extant taxa to infer the possible locomotor behaviour of the Mio-
cene fossil sample. The obtained results show that the different locomotor
categories are distinguishable using either biomechanical or morphometric
data. The ML algorithms categorized most of the fossil sample as arboreal
quadrupeds. This study has shown that a combined approach can contribute
to the understanding of platyrrhine talar morphology and its relationship
with locomotion. This approach is likely to be beneficial for determining
the locomotor habits in other fossil taxa.1. Introduction
Extant platyrrhines or New World monkeys (NWM) inhabit a diverse range of
habitats in the Americas [1]. The occupation of these niches has been coupled
by distinct behavioural, locomotor, morphological and ecological adaptations
in each one of the main platyrrhine clades [2], which can be summarized in
broad ecophyletic groups (figure 1). One of the main difficulties in NWM
palaeobiology is the scarceness of fossils from the Eocene and Oligocene,
with most NWM fossils dated to the Miocene or the Pleistocene of the Carib-
bean and South America [3], although it is important to note that there have
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Figure 1. Broad platyrrhine ecophyletic groups. Colours represent different main locomotion modes. (Online version in colour.)
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Even though the fossil record of NWM has notably improved
over the last decade, it is particularly intriguing that the
majority of the NWM fossil record for the Early Miocene
has been found in middle and high latitudes (i.e. central
Chile and Patagonia), which are no longer areas occupied
by any extant platyrrhine [5].
After teeth, the talus is probably the most commonly
preserved anatomical element in the platyrrhine fossil
record [3], with several Miocene taxa possessing at least
one conserved talus [6]. Importantly, talar morphology can
provide insights about postural adaptations due to its inter-
connection with other foot bones [7,8]. The talus is also
the principal mechanical connection between the leg and
the foot and is responsible for transmitting body weight,
as well as providing stability and mobility throughout
locomotor behaviours [7]. The combination of its high occur-
rence and good preservation in the fossil record and its
functional role in the ankle joint make it a valuable element
when hypothesizing the postural and locomotor behaviours
of fossil primates [9,10].
There is a strong and significant association between talar
shape and locomotor behaviour [6], and evidence shows that
bone is functionally adapted to the mechanical demands that
are imposed during life [11]. Therefore, it is logical to hypoth-
esize that talar mechanical strength associated with
biomechanical performance could also be used to distinguish
and infer locomotor behaviours. Currently, there is an
absence of comparative biomechanical analyses that could
provide important information about the usefulness of talarbiomechanical performance as a positional behaviour proxy
[12]. Consequently, we analysed the biomechanical perform-
ance of the extant platyrrhine talar morphological diversity
by applying finite-element analysis (FEA). There is an
almost total absence of studies applying FEA to primate,
let alone platyrrhine, talar biomechanics. To our knowledge,
most studies analysing primate talar biomechanics using FEA
have focused on human feet (e.g. [13–15]). Thus, the present
contribution represents an important step in analysing an
extensive non-human primate comparative sample using
FEA. Since we were also interested in the relationship
between talar biomechanical performance and its mor-
phology, we used geometric morphometrics (GMs) to
collect shape data. In addition, because our objective was to
classify the fossils into different locomotor categories, several
machine-learning (ML) algorithms were trained using the
extant biomechanical data to infer the locomotor categories
of the Miocene fossil sample. Traditionally, most morpho-
metric and also some of the FEA output analyses have been
performed with reference to simple linear models [16,17].
For instance, when dealing with classification problems,
most publications rely on linear discriminant analyses (or
its more general extension, canonical variate analyses), in
spite of the known limitations of these approaches [18,19].
Although the application of ML algorithms to tackle pro-
blems of specimen identification or group characterization
has a vast literature in other biological fields [20], only
more recently have several ML methods been applied using
morphometric or biomechanical data (e.g. [13–15,21–26]).
In addition, most of them have not compared different
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these ML procedures were explored and their classification
accuracy was assessed when applied to the problem of classi-
fying our Miocene fossil sample using morphometric and
biomechanical data.
Consequently, this study had three main aims for which
we employed three different approaches. (i) The first goal
was to test if there were significant differences in talar
strength depending on locomotor categories to assess if
different locomotor groups exhibit or not differences in bio-
mechanical performance. Therefore, we classified our extant
sample into broad locomotor categories and investigated
whether there were dissimilar biomechanical performances
depending on the locomotor category by simulating a static
loading case using FEA. (ii) The second aim was to evaluate
if there was an association between talar shape and stress
data to test if shape covaries or not with biomechanical per-
formance. Hence, we collected talar morphometric data to
evaluate if there was an association between these two
kinds of data by using partial least-squares analysis (PLS).
(iii) Finally, our main goal was to classify the Miocene
fossil sample into locomotor categories to infer broad loco-
motor behaviours. Therefore, several ML algorithms were
trained and tested using the biomechanical and morpho-
metric data and used to infer the possible locomotor
behaviour of the extinct specimens.2. Material and methods
2.1. Sample
The extant NWM sample included one talus from nearly every
modern platyrrhine genus (40 species; table 1), whereas the
fossil sample considered one talus from most of the available
Miocene platyrrhine tali (10 specimens; table 2). The extant pla-
tyrrhine species were classified according to their main mode
of locomotion in three categories (i.e. clamber/suspensory,
leaper and arboreal quadruped) based on the locomotor
mode percentages compiled by Youlatos & Meldrum [28] to
compare if there were differences due to different locomotor
modes (table 1).
2.1.1. Phylogeny
A platyrrhine phylogeny [29] was slightly modified to include
some species that were initially not present and to remove
others that were in the phylogeny but for which there were no
talar data. This phylogeny was used when carrying out the
described comparative analyses and is available in the electronic
supplementary material, file S1.
2.2. Three-dimensional model rendering
Surface models were imported into Geomagic Studiow (3D Sys-
tems, v. 12, Rock Hill, SC, USA), where irregularities from
scanning were repaired using refinement and smoothing tools.
The tali were aligned according to the standard anatomical pos-
ition (further details about the alignment procedure can be found
in the electronic supplementary material, document S2.1). Some
of the analysed fossils (i.e. Dolichocebus, Soriacebus and Rı´o
Cisnes) exhibit damage due to post-depositional processes.
Their missing anatomical regions were virtually reconstructed
to generate models suitable for FEA, so particular attention is
required when interpreting their results. The case-specific recon-
struction methods that were applied are described in electronic
supplementary material, document S2.2.2.3. Finite-element analysis
The models of the tali were imported into ANSYSw (Ansys, Inc.,
v. 17.1, Canonsburg, PA, USA; http://www.ansys.com/) to per-
form the FEA modelling. The tali were modelled as solids
composed only of cortical bone to simplify the analyses and to
limit the number of assumptions. Homogeneous, linear and elas-
tic material properties were assumed for the talar models.
Cortical bone values from a human talus were used (Young’s
modulus: 20.7 GPa; Poisson’s ratio: 0.3) [30]. The models were
meshed with an adaptive mesh of hexahedral elements [31]
meeting the conditions defined in [32] to create a Quasi-Ideal
Mesh (QIM). Further information about the FEA models along
with all of their results can be found in electronic supplementary
material, table S3.
2.3.1. Loading scenario and boundary conditions
Extant body mass data were obtained from Smith & Jungers [27],
while the fossil body mass predictions were obtained from
Pu¨schel et al. [6]. Among living platyrrhine species, male and
female body mass are highly correlated [29]; therefore, average
body mass was used in the subsequent analyses (tables 1
and 2). Based on this information, we computed a value we
called ‘body weight force’, which represents the applied load
that was defined as the 30% of the average body mass of each
species multiplied by gravitational acceleration g ¼ 9.81 ms22.
This load was applied on the trochlear surface of each talus,
thus simulating a basic quadrupedal scenario (in most monkeys,
the hind limbs support more weight, hence the decision to apply
30% of the average body mass [33]). This load was directed in the
direction of the z-axis on the oriented tali to simulate the action of
gravity and was located at the centre of the trochlear surface to
simulate a compressive force. The talus was constrained on the
area comprising the sub-talar joint as indicated in figure 2a. In
addition, a multivariate generalized least-squares regression
(PGLS) of the stress percentile values on talar volume was per-
formed to check that the observed results were not merely
attributed to size-dependent effects.
2.3.2. Average values and quasi-ideal mesh
Von Mises stress is an isotropic criterion used to predict the yield-
ing of ductile materials determining an equivalent state of stress
[34]. It has been shown that if the bone is considered as a ductile
material and if isotropic material properties are used, the von
Mises criterion is the most adequate for comparing stress states
[35]. The von Mises stress distributions of the different tali were
assessed using their average values and displayed using boxplots.
New statistics that consider the non-uniformity of the mesh were
calculated: (i) the mesh-weighted arithmetic mean (MWAM) and
(ii) the mesh-weighted median (MWM) [36]. A more detailed
description of these statistics is provided in electronic supplemen-
tary material, document S2.3. The application of boxplots for the
stress and statistics derived from them (i.e. M25, M50, M75 and
M95 percentiles) involves the generation of a QIM, thus allowing
the display of the obtained stress values as boxplots [32].
2.3.3. Analysis of the stress results
All statistical analyses were performed in R v. 3.4.0 [37]. Multi-
variate normality was rejected for the stress data (electronic
supplementary material, document S2.4), so a non-parametric
test was preferred. First, a PERMANOVA was calculated to test
for differences between the groups considering all the stress per-
centiles together [38]. Then, pairwise PERMANOVA tests with a
Holm correction for multiple comparisons were carried out to
test for differences in stress values between the three locomotor
categories. In both cases, Euclidean distances were used as
similarity index.
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Thirty Cartesian coordinates were collected on the surface of the
talar models (figure 2b) [39,40]. These raw coordinates were ana-
lysed using the ‘geomorph’ R package [41] and are available in
electronic supplementary material, file S4. A Procrustes superim-
position was performed to remove the differences due to scale,
translation and rotation, leaving only variables directly related
to shape. Then, these shape variables were used to carry out a
principal component analysis (PCA) to visualize morphological
affinities. A broken-stick model was applied to determine the
number of PCs to be used in the subsequent analysis. To visual-
ize the structure of the data for both shape and stress variables, a
consensus phylogeny was projected onto the space identified by
the first two PCs obtained from the variance–covariance matrix
of the shapes of the analysed modern taxa and the mesh-
weighted median stress value (i.e. MWM) on the z-axis. In
addition, the phylogenetic signal was estimated for both the mor-
phometric and stress data using a mathematical generalization of
the K-statistic appropriate for multivariate data (i.e. Kmult) [42].
A PGLS regression of talar shape on centroid size was also per-
formed to check that the observed results were not merely
attributed to allometric effects. Then, a standard PLS and a
phylogenetic PLS analysis were carried out to examine the
association between the shape variables and the percentile
stress values [43]. PLS computes the covariation level between
the two blocks of data, while the phylogenetic PLS also takes
into account the phylogenetic structure of data assuming a
Brownian motion model of evolution [44].2.5. Fossil locomotor classification
A previous study has shown that, when using only talar shape, it
was possible to distinguish between clamber/suspensory, leaper
and arboreal quadruped locomotor modes [6], but it remains
unexplored whether including stress information explains the
differences in talar functional morphology between different
locomotor modes or improves the locomotor resolution. There-
fore, two different datasets were analysed and used to classify
the fossil material: (i) biomechanical and (ii) morphometric data.
The biomechanical data comprised a set of 10 variables gen-
erated using the Intervals’ method described in [45] (further
information about this procedure can be found in electronic sup-
plementary material, S2.5 and table S5). As a pre-processing
procedure, a Box-Cox transformation was performed to normal-
ize the interval data. In addition, these 10 intervals were centred
and scaled to improve the numerical stability of some sub-
sequent calculations and to standardize their scale. As a result
of centring, the variables have a zero mean, while scaling
coerce the predictors to have a common standard deviation of
one. These transformed interval values were subsequently
used in the classification analyses.
The morphometric data consisted of the number of PCs
obtained from the broken-stick model used to assess the signifi-
cance of variance. This broken-stick model showed that only the
first seven PCs had eigenvalues larger than the values randomly
generated by the model. These seven PCs accounted for 63.6% of
the total variance of the sample, thus providing a reasonable
approximation of the total amount of talar shape variation. There
was no need to perform any pre-processing procedure prior to
the application of the ML classification methods, given that the
original raw coordinates were subjected to a Procrustes superimpo-
sition, which centred each configuration of landmarks at the origin,
scaled them to unit centroid size and rotated them to optimal align-
ment on the average shape. In addition, a PCA was carried out
using these shape coordinates to avoid any possible collinearity.
Six supervised algorithms were selected in order to represent a
wide range of different classification models: (i) linear discrimi-
nant analysis (LDA); (ii) classification and regression tree
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dorsal plantar
proximal distaldorsal
F = 0.3 mg
plantar
body weight force
x–y fixed displacement
z fixed displacement
(b)(a)
Figure 2. (a) Loading scenario tested in the FEA; (b) the 30 landmarks used in the GM analyses. (Online version in colour.)
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(v) support vector machine (SVM) and (vi) random forest (RF).
All the models were prepared and performed using the ‘caret’
package for R [46], which consist of a set of functions that help
to streamline the generation of predictive models (https://
topepo.github.io/caret/). The performance of the classification
models was quantified using the confusion matrix from which
the overall classification accuracy (i.e. error rate) was computed,
as well as by computing Cohen’s Kappa coefficient [47]. To
assess the performance of the models, the complete dataset was
resampled using a ‘leave-group-out’ cross-validation [48]. This
method generates multiple splits of the data into modelling and
prediction sets. This procedure was repeated 200 times and the
data were divided into a modelling set containing 75% of ran-
domly allocated observations, while the testing set contained the
remaining 25%. The repetition number was selected to get stable
estimates of performance and to reduce the uncertainty in these
performance estimates. The best classification models obtained
for the morphometric and biomechanical data were then used to
infer the main locomotor mode of the Miocene fossil sample by
computing their class probabilities to belong to each one of the
locomotor categories. Further methodological details and a brief
description of the classification algorithms applied here can be
found in electronic supplementary material, document S2.6.3. Results
3.1. Finite-element analysis
The PGLS of the stress percentile values on talar volume indi-
cates that allometry is not a factor affecting our results when
phylogenetic non-independence is considered (electronic
supplementary material, table S2.7).
Figure 3 shows stress maps for all the analysed species,
while figure 4 displays the stress distribution in boxplots.
The visual representation of the stress distribution for eachtalus is a useful indicator for comparative inference on their
biomechanical behaviour, because these stress patterns can
be interpreted as a sign of relative strength (i.e. specimens
exhibiting higher stress levels are weaker with that defined
loading pattern). The quantitative values of MWM,
MWAM, the quartiles of the boxplots of stress, the PEofAM
and the PEofM (i.e. percentages of error used to define the
QIM) can be found in electronic supplementary material,
table S3.
Figure 4 shows that when comparing locomotor beha-
viours in extant species, the ‘clamber/suspensory’ group
exhibits the weakest tali, while the ‘arboreal quadruped’
taxa show intermediate values and ‘leaper’ species present
the strongest tali. There were significant differences between
groups when comparing all the stress percentiles together
using the PERMANOVA (F: 21.437; R2: 0.54; p-value: 1 
1024; 9999 permutations) (table 3). Therefore, it is possible
to distinguish these main locomotor behaviours using a
biomechanical approach.3.2. Geometric morphometrics
The phylomorphospace of the first two PCs and the MWM as
z-axis displays three main areas of occupied morphospace
(figure 5), which broadly resemble the main NWM locomotor
groups. PC1 mostly separates between the Atelidae on one
extreme of the axis, which shows clambering/climbing and
suspensory behaviours, and the Callitrichinae, displaying
claw-assisted clinging postures and higher frequency of leap-
ing behaviour towards the opposite extreme of the axis. The
more specialized locomotor behaviours separated along PC1
were also separated from mainly quadrupedal species on
PC2. There was a central area of more ‘generalist’ species,
which are predominately quadrupedal although they
engage in other locomotor behaviours, while the negative
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Figure 3. von Mises stress distribution for all the analysed specimens. (Online version in colour.)
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species with variable, but usually moderate, rates of leaping
behaviour. Finally, the MWM z-axis mostly separated
between the clamber/climbing Atelidae (which shows
higher stress values) from the rest of the species. A two-
dimensional plot of the phylomorphospace is also provided
to facilitate the visual inspection of the morphometric results
(electronic supplementary material, figure S6).
Significant phylogenetic signal was found for both mor-
phometric (Kmult: 0.34972; p-value: 1  1024; 9999
permutations) and biomechanical data (Kmult: 0.32716;
p-value: 0.0158; 9999 permutations). We found an extremely
weak and not significant association between talar shape
and centroid size when taking into phylogenetic information
(electronic supplementary material, S2.8); hence, talar shapevariation cannot be merely attributed to evolutionary allo-
metric effects. The percentile stress values (i.e. M25, M50,
M75 and M95) showed significant covariation with talar
shape (r-PLS: 0.8; p-value 2  1024; 9999 permutations), as
well as when considering the phylogenetic information (phy-
logenetic r-PLS: 0.78; p-value: 0.0018; 9999 permutations)
(figure 6a and b, respectively). This means that there is a
strong association between talar shape and the biomechanical
performance of the talus.3.3. Fossil locomotor classification
Figure 7 shows the accuracy and Cohen’s Kappa results for all
the tested models for both the biomechanical and morphometric
data after performing the ‘leave-group-out’ cross-validation
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Table 3. Pairwise PERMANOVA results.
F R2
adjusted p-value
(Holm
correction)
clamber/suspensory
versus arboreal
quadruped
18.84 0.44 0.003
clamber/suspensory
versus leaper
57.05 0.75 0.003
arboreal quadruped
versus leaper
6.18 0.17 0.012
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formed interval stress data when classifying according to
locomotion in both accuracy and Cohen’s Kappa values.
The most accurate model for the biomechanical data was
the SVM using a linear kernel, while in the case for the mor-
phometric data, the most accurate model was the RF. The
only tuning parameter in the biomechanical SVM model
using a linear kernel is ‘cost’, so we expanded the grid
search to consider more values; however, the best result
was still achieved when cost ¼ 2 (average accuracy: 0.708;
average Cohen’s Kappa: 0.515) (figure 8a). A Cohen’s
Kappa value of approximately 0.5 represents a reasonable
agreement [47]; therefore, we used the best obtained model
to classify the fossil sample (SVMmodel using biomechanical
data as described in table 4). Using these interval data, all the
fossil specimens were classified as arboreal quadrupeds.
However, it is important to note that Paralouatta marianae
showed quite similar values for both the arboreal quadruped
and clamber/suspensory categories (SVM model using
biomechanical data as given in table 4). In addition, although
Cebupithecia sarmientoi and Proteropithecia neuquenensis
were classified as arboreal quadrupeds, they also showed
important posterior probabilities for the leaper category.
The obtained RF model for the morphometric data was
further tuned using a manual grid search. Two parameters
were tuned in this model, the number of tress to grow (i.e.
100, 200, 500, 1000 and 2000) as well as the number of vari-
ables randomly sampled as candidates at each split (i.e. 2,
3, 4, 5 and 6). In general, the RF model was quite robust
when changing these tuning parameters, showing similar
classification accuracies. The final best RF model grew 200
trees and used five variables randomly sampled as candi-
dates at each split (average accuracy: 0.925; average
Cohen’s Kappa: 0.876) (figure 8b). By applying the final RF
model, the fossil sample was classified (RF model usingmorphometric data as presented in table 4), and all the speci-
mens were categorized as arboreal quadrupeds excepting Pa.
marianae, which was classified as a clamber/suspensory indi-
vidual. Briefly, discussed results for each one of the analysed
fossils can be found in electronic supplementary material,
document S2.9.4. Discussion
Studying the functional morphology of the platyrrhine talus
is important because it represents one of the few post-cranial
structures available in many of the oldest platyrrhine fossils,
but also because its morphology has been shown to reflect
locomotor behaviour [6] and is associated with biomecha-
nical performance (figure 6a,b). The biomechanical data
obtained from the FEA modelling show that the ‘clamber/
suspensory’ species exhibit significantly higher stresses than
the other two analysed locomotor categories, while the
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explained by the fact that leaping would be expected to
exert higher forces on the lower extremities because the accel-
erations in primate leaping are generally high (for a review,
see [36]). By contrast, suspensory behaviours would exert
comparatively reduced bending forces on the limb bones
[49], which is relevant when considering that bending has
been shown to be the loading pattern that most commonly
leads to high stresses in limb bones [50]. In addition, it has
also been shown that repetitive loading can cause bones to
fail at much lower loads [51,52]. To avoid the possible
damage caused by the effect of fatigue, it is plausible that
talar morphologies that reduce stress would have been
selected for in leapers [7,9,10]. A recent study has shown
that platyrrhine talar morphology seemed to evolve towards
three different selective optima [6], which are related to the
main ecophylectic groups observed in extant NWM.
The morphometric analysis clearly distinguished in PC1
between the species showing frequent leaping from those
with adaptions for clamber/suspensory behaviour, while
PC2 distinguished the most quadrupedal species from the
rest. The talar morphology of the species exhibiting leaping
can be described as showing an anteroposteriorly shorter tro-
chlea with more parallel medial and lateral rims and a longer
anterior calcaneal facet. This morphology was the strongest
one in the biomechanical analysis (figure 3). On the other
hand, the weakest talar morphology, which is associated
with clamber/suspensory behaviours, included characters
such as a broader head, greater trochlear wedging, a lower
trochlea and a shorter anterior and longer posterior calcaneal
facet. The lower stress values observed in leapers can beexplained due to their mediolaterally broader trochlea with
lateral and medial rims and robust talar body, which better
distributes the applied load on the trochlear surface. By con-
trast, the clamber/suspensory group shows a morphology
characterized by a more ‘wedged’ trochlea with a low tro-
chlear relief, which maximizes the mobility at the talocrural
joint, but at the cost of increasing the stress on the trochlear
surface.
The PLS analyses showed that there is an association
between talar shape and stress values. A previous study
has shown that there is also a significant association between
locomotor data and talar morphology [6]; therefore, the pre-
sent results contribute to the understanding of the
relationship between talar morphology and locomotor behav-
iour by providing the link between these two factors: the
biomechanical behaviour of talus during locomotion. The
talus acts as the main mechanical link between the leg and
the foot [30], transmitting not only the forces derived from
an animal’s body mass but also providing stability and mobi-
lity for the posterior limbs during diverse postural and
locomotor behaviours [7]. These behaviours probably exert
differential loading regimes on the talus, thus gradually shap-
ing its morphology. It is well known that the talus is
primarily stiffened by trabecular networks that are remo-
delled influenced by mechanical loading [30], and that
trabecular architecture can be informative about locomotor
differences among different taxa [53–55]. Although we
were limited by our fossil sample, future studies could
include trabecular information as part of the simulated load-
ing scenarios to further explore the link between
ecomorphology and biomechanics.
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in the classification task, using several ML algorithms, the
best performing approach was an RF model applied to GM
data. Even though we were concerned with functional group-
ings, we found that shape outperforms FEA-derived values
when classifying according to locomotor groups. This is
likely because morphological variation is influenced by
diverse factors, including loading, diet, sex and evolutionary
history, among others, all of which may be associated with
differences in locomotion. A complex phenomenon such as
the differences in locomotor behaviour reflected in talar mor-
phology probably includes many factors that are only
partially accounted for when biomechanical analyses are per-
formed. These kinds of analyses simply focus on more
specific and constrained aspects of variation (e.g. loading
resistance), whereas GM incorporates more diverse sources,
although with the disadvantage of not always knowingwhat part of this variation is strictly related to function.
The main value of biomechanical approaches is that they
enable us to test ideas about the adaptive value of particular
features of the fossils, in ways that associative statistical
analysis alone cannot. This is when mechanical analyses
such as FEA are required to test alternative functional
hypotheses, making both approaches complementary. How-
ever, it is important to bear in mind that the load cases
chosen only allow the FEA to consider specific aspects of
function (e.g. stresses arising from specific loadings) and so
may omit important functional differences that would require
different measures of load resistance or different simulated
load cases to characterize them. Therefore, it is possible that
the functional analysis performed here failed to identify
some functionally relevant differences between groups. A
more detailed biomechanical scenario might yield better dis-
criminating results when comparing locomotor groups, so
Table 4. Prediction results for the fossil sample.
species/specimen
SVM model using biomechanical data RF model using morphometric data
posterior probabilities posterior probabilities
leaper
arboreal
quadruped
clamber/
suspensory leaper
arboreal
quadruped
clamber/
suspensory
Aotus dindensis 0.07 0.71 0.22 0.03 0.92 0.04
Carlocebus carmenensis 0.15 0.68 0.17 0.05 0.93 0.02
Cebupithecia sarmientoi 0.37 0.46 0.18 0.04 0.89 0.07
Dolichocebus
gaimanensis
0.13 0.79 0.08 0.02 0.97 0.01
Madre de Dios 0.32 0.59 0.09 0.15 0.74 0.11
Neosaimiri ﬁeldsi 0.24 0.68 0.08 0.01 0.98 0.01
Paralouatta marianae 0.09 0.46 0.45 0.21 0.36 0.42
Proteropithecia
neuquenensis
0.41 0.43 0.17 0.05 0.94 0.01
Rı´o Cisnes 0.13 0.62 0.25 0.08 0.79 0.13
Soriacebus
ameghinorum
0.22 0.68 0.10 0.01 0.99 0.00
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improve discriminatory performance, including the possi-
bility of generating load cases using multi-body dynamic
analysis [56].
It is important to keep in mind that when reconstructing
locomotor behaviours in fossil taxa, it is the main locomotor
modes that are reconstructed and not the entire repertoire of
possible habits [57]. Both the biomechanical and morpho-
metric-based classifications categorized most of the fossil
sample as arboreal quadrupeds, which is consistent with pre-
vious proposals based on morphological analyses,
morphometric classifications and ancestral state reconstruc-
tions [6]. It is interesting that in spite of the class imbalance
that could affect our results, Paralouatta is classified as a pos-
sible clamber/suspensory species using the morphometric
data. However, this taxon also showed not negligible pos-
terior probabilities for the other two tested locomotor
modes, thus probably indicating a mixed locomotor pattern.
Previous analyses have shown that its talar morphology
shows some similarities with the Alouattinae (which are
species that spend an important amount of time exhibiting
clamber/suspensory behaviours) and some of the oldest
Patagonian fossils (i.e. Dolichocebus, Carlocebus, Soriacebus;
which are specimens reconstructed as mostly quadrupedal)
[6]. Based on the presence of a strong cotylar fossa, along
with several other post-cranial adaptations, it has been
suggested that Paralouatta could even have been a semi-
terrestrial species [57]. The present analysis did not include
this category so itwas not possible to rule out this possible loco-
motor specialization, but the fact that our analysis indicates
different locomotor modes probably points to locomotor beha-
viours similar to Alouatta (i.e. showing variable degrees of
arboreal quadrupedalism, climbing and clambering). It is also
interesting that even though theMadre deDios talus was classi-
fied as a quadruped, its posterior probabilities suggest avariable degree of leaping behaviours as has been previously
proposed [6]. In addition, the biomechanical results suggest
that Proteropithecia could have engaged in a significant
amount of leaping, which is consistent with previous sugges-
tions [58]. A limitation of the present analyses is that they rely
on extant platyrrhines to assess the postural behaviour of
some species that might be located outside this monophyletic
group (e.g. stem taxa or long isolated primitives like the Carib-
bean forms) and that could have exhibited unique locomotor
adaptations not represented by the locomotor categories ana-
lysed here. Nevertheless, we analysed important primate
postural behaviours that can contribute to future fossil loco-
motor interpretations.
We were able to classify the fossil sample into broad loco-
motor categories, providing information regarding some
aspects of the positional behaviour of Miocene platyrrhines.
However, until finding post-cranial remains for the platyr-
rhine fossils from the Eocene and Oligocene, not much can
be inferred with certainty about the ancestral locomotor con-
dition of the first NWMs. Although the present analyses
cannot provide definitive answers about the ancestral loco-
motor condition of platyrrhines, they do provide relevant
information about the following step in the evolutionary his-
tory of NWMs. The present results indicate that most fossil
specimens exhibit a generalist and possibly primitive mor-
phology, while showing significant size variation (e.g.
Madre de Dios: 352 g; Pa. marianae: 4708 g), and the biomecha-
nical and morphometric data are consistent in classifying
most fossil individuals as arboreal quadrupeds. Previous
analyses have shown that after an initial diversification in
size, platyrrhine talar shape seemed to gradually evolve
towards three different selective optima, represented by the
three main locomotion habits observed in extant NWM [6].
Therefore, this could imply that the Miocene sample could
be representing an ancestral quadrupedal condition prior
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platyrrhines [6].
Ecomorphological studies have provided numerous mor-
phological correlates of ecological, functional and/or
locomotor categories (e.g. [6,59–61]). Some of these morpho-
logical traits allow discrimination based on these kinds of
categories, enabling us to make inferences about possible
adaptations in extinct taxa. Nonetheless, absolute discrimi-
nation among such categories is rarely achieved by any
single measurement or set of variables because these values
normally show considerable overlap. This overlap is a
direct consequence of the covariation pattern observed in
most morphological adaptations. This means that in many
cases, the way in which any morphological feature adapts
might be also influenced by the changes occurring in other
regions of an animal’s morphology and by other environ-
mental factors besides the one under analysis. The
implication of this widespread covariation is that many eco-
morphological adaptations might be better characterized by
complex morphological patterns that can be better described
in a multi-dimensional morphospace rather than defined by
single variables or indices. These multi-dimensional spaces
cannot be simply displayed in two dimensions, so tradition-
ally multivariate techniques such as PCAs or LDAs have been
commonly applied to deal with this sort of classification pro-
blems. However, more recently, ML approaches have been
used to tackle these sorts of problems due to their inherent
capabilities when it comes to uncover patterns, associations
and statistically significant structures in high-dimensional
data [14]. This study showed how using different ML algor-
ithms is possible to successfully address problems of group
analysis and classifications using morphometric and bio-
mechanical data. The present findings have shown that the
application of these algorithms to at least some types of mor-
phometric and biomechanical problems is a contribution that
can improve the traditional way classification tasks have been
undertaken in these fields. Some of the advantages areevident, such as the flexibility that allows the use of several
different algorithms which can have dissimilar performance
depending on the specific problem, rather than using only
one classification approach (e.g. LDA) without comparing
its performance against alternative approaches that might
be more suitable for a particular task. The choice of an algor-
ithm is an active area of research within the ML field and
depends on the characteristics of the data-space being
searched. Incorporating the predictive modelling techniques
derived from ML into the standard virtual functional mor-
phology toolkit can prove to be a useful addition that could
offer further flexibility and predictive power when analysing
data and dealing with classification and regression problems.Data accessibility. Further explanations about certain procedures, as well
as additional numerical results supporting this article, have been
uploaded as part of the electronic supplementary material. The phy-
logeny and 3D raw coordinates are also available. The R scripts used
to carry out the different analyses are available upon request.
Authors’ contributions. T.A.P., J.M.-N. and W.I.S. designed the study.
T.A.P. and J.T.G. collected the analysed data. T.A.P. and J.M.-N. car-
ried out the different analyses. T.A.P., J.M.-N., J.T.G., R.B. and W.I.S.
interpreted the data and wrote the paper.
Competing interests. We have no competing interests.
Funding. This work was supported by the NERC (NE/R011168/1).
T.A.P. was partially funded by a Becas Chile 72140028, CONICYT-
Chile, while J.M.-N. was supported by the DFG, German Research
Foundation, KA 1525/9-2 and acknowledges the CERCA programme
(Generalitat de Catalunya).
Acknowledgements. We are grateful to Stephan Pu¨schel for the illus-
trations in figures 1 and 3. Most analysed tali were scanned at the
Duke University Shared Materials Instrumentation Facility (SMIF),
a member of the North Carolina Research Triangle Nanotechnology
Network (RTNN), which is supported by the National Science
Foundation (grant no. ECCS-1542015) as part of the National Nano-
technology Coordinated Infrastructure (NNCI). We thank the
Morphosource project (https://www.morphosource.org/) for pro-
viding some of the samples analysed in this work. We are also
grateful to the three anonymous reviewers for their constructive
and helpful comments.References1. Fleagle JG. 2013 Primate adaptation and evolution,
3rd edn. San Diego, CA: Academic Press.
2. Rosenberger AL. 1992 Evolution of feeding niches in
new world monkeys. Am. J. Phys. Anthropol. 88,
525–562. (doi:10.1002/ajpa.1330880408)
3. Tejedor MF. 2008 The origin and evolution of
neotropical primates. Arq. Mus. Nac. Rio Jan. 66,
251–269.
4. Bond M, Tejedor MF, Campbell Jr KE, Chornogubsky
L, Novo N, Goin F. 2015 Eocene primates of South
America and the African origins of New World
monkeys. Nature 520, 538–541. (doi:10.1038/
nature14120)
5. Tejedor MF. 2005 New specimens of Soriacebus
adrianae Fleagle, 1990, with comments on pitheciin
primates from the Miocene of Patagonia.
Ameghiniana 42, 249–251.
6. Pu¨schel TA, Gladman JT, Bobe R, Sellers WI. 2017
The evolution of the platyrrhine talus: a
comparative analysis of the phenetic affinities of the
Miocene platyrrhines with their modern relatives.J. Hum. Evol. 111, 179–201. (doi:10.1016/j.jhevol.
2017.07.015)
7. Boyer DM, Yapuncich GS, Butler JE, Dunn RH,
Seiffert ER. 2015 Evolution of postural diversity in
primates as reflected by the size and shape of the
medial tibial facet of the talus. Am. J. Phys.
Anthropol. 157, 134–177. (doi:10.1002/ajpa.22702)
8. Yapuncich GS, Gladman JT, Boyer DM. 2015
Predicting euarchontan body mass: a comparison of
tarsal and dental variables. Am. J. Phys. Anthropol.
157, 472–506. (doi:10.1002/ajpa.22735)
9. Gebo DL. 2011 Vertical clinging and leaping
revisited: vertical support use as the ancestral
condition of strepsirrhine primates. Am. J. Phys.
Anthropol. 146, 323–335. (doi:10.1002/ajpa.
21595)
10. Boyer DM, Seiffert ER. 2013 Patterns of astragalar
fibular facet orientation in extant and fossil
primates and their evolutionary implications.
Am. J. Phys. Anthropol. 151, 420–447. (doi:10.
1002/ajpa.22283)11. Pearson OM, Lieberman DE. 2004 The aging of
Wolff ’s ‘law’: ontogeny and responses to mechanical
loading in cortical bone. Am. J. Phys. Anthropol.
125, 63–99. (doi:10.1002/ajpa.20155)
12. Cant JG. 1992 Positional behavior and body size of
arboreal primates: a theoretical framework for field
studies and an illustration of its application.
Am. J. Phys. Anthropol. 88, 273–283. (doi:10.1002/
ajpa.1330880302)
13. MacLeod N. 2017 On the use of machine learning in
morphometric analysis. In Biological shape analysis:
proceedings of the 4th international symposium (ed.
PE Lestrel), pp. 134–171. Singapore: World
Scientific.
14. Navega D, Vicente R, Vieira DN, Ross AH, Cunha E.
2015 Sex estimation from the tarsal bones in a
Portuguese sample: a machine learning approach.
Int. J. Legal Med. 129, 651–659. (doi:10.1007/
s00414-014-1070-5)
15. Santos F, Guyomarc’h P, Bruzek J. 2014 Statistical
sex determination from craniometrics: comparison
rsif.royalsocietypublishing.org
J.R.Soc.Interface
15:20180520
15
 on September 27, 2018http://rsif.royalsocietypublishing.org/Downloaded from of linear discriminant analysis, logistic regression,
and support vector machines. Forensic Sci. Int.
245, 204.e1–204.e8. (doi:10.1016/j.forsciint.
2014.10.010)
16. Zelditch ML, Swiderski DL, Sheets HD. 2012
Geometric morphometrics for biologists: a
primer, 2nd edn. Amsterdam, The Netherlands:
Academic Press.
17. Fortuny J, Marce´-Nogue´ J, De Esteban-Trivigno S,
Gil L, Galobart A`. 2011 Temnospondyli bite club:
ecomorphological patterns of the most diverse group
of early tetrapods. J. Evol. Biol. 24, 2040–2054.
(doi:10.1111/j.1420-9101.2011.02338.x)
18. Mitteroecker P, Bookstein F. 2011 Linear
discrimination, ordination, and the visualization of
selection gradients in modern morphometrics. Evol.
Biol. 38, 100–114. (doi:10.1007/s11692-011-9109-8)
19. Feldesman MR. 2002 Classification trees as an
alternative to linear discriminant analysis.
Am. J. Phys. Anthropol. 119, 257–275. (doi:10.
1002/ajpa.10102)
20. Tarca AL, Carey VJ, Chen X, Romero R, Dra˘ghici S.
2007 Machine learning and its applications to
biology. PLoS Comput. Biol. 3, e116. (doi:10.1371/
journal.pcbi.0030116)
21. Li S-F, Jacques FMB, Spicer RA, Su T, Spicer TEV,
Yang J, Zhou Z-K. 2016 Artificial neural networks
reveal a high-resolution climatic signal in leaf
physiognomy. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 442, 1–11. (doi:10.1016/j.palaeo.2015.
11.005)
22. MacLeod N. 2007 Automated taxon identification in
systematics: theory, approaches and applications.
Boca Raton, FL: CRC Press.
23. van Bocxlaer B, Schultheiß R. 2010 Comparison of
morphometric techniques for shapes with few
homologous landmarks based on machine-learning
approaches to biological discrimination. Paleobiology
36, 497–515. (doi:10.1666/08068.1)
24. Hanot P, Guintard C, Lepetz S, Cornette R. 2017
Identifying domestic horses, donkeys and
hybrids from archaeological deposits: a 3D
morphological investigation on skeletons.
J. Archaeol. Sci. 78, 88 – 98. (doi:10.1016/j.jas.
2016.12.002)
25. Sonnenschein A, VanderZee D, Pitchers WR, Chari S,
Dworkin I. 2015 An image database of Drosophila
melanogaster wings for phenomic and biometric
analysis. GigaScience 4, 25. (doi:10.1186/s13742-
015-0065-6)
26. van den Brink V, Bokma F. 2011 Morphometric
shape analysis using learning vector quantization
neural networks—an example distinguishing two
microtine vole species. Ann. Zool. Fennici 48,
359–364. (doi:10.2307/23737098)
27. Smith RJ, Jungers WL. 1997 Body mass in
comparative primatology. J. Hum. Evol. 32,
523–559. (doi:10.1006/jhev.1996.0122)
28. Youlatos D, Meldrum J. 2011 Locomotor
diversification in New World monkeys: running,
climbing, or clawing along evolutionary branches.
Anat. Rec. Adv. Integr. Anat. Evol. Biol. 294,
1991–2012. (doi:10.1002/ar.21508)29. Aristide L, Rosenberger AL, Tejedor MF, Perez SI.
2015 Modeling lineage and phenotypic
diversification in the New World monkey
(Platyrrhini, Primates) radiation. Mol. Phylogenet.
Evol. 82, 375–385. (doi:10.1016/j.ympev.
2013.11.008)
30. Parr WCH, Chamoli U, Jones A, Walsh WR, Wroe S.
2013 Finite element micro-modelling of a human
ankle bone reveals the importance of the trabecular
network to mechanical performance: new methods
for the generation and comparison of 3D models.
J. Biomech. 46, 200–205. (doi:10.1016/j.jbiomech.
2012.11.011)
31. Marce´-Nogue´ J, Fortuny J, Gil L, Sa´nchez M. 2015
Improving mesh generation in finite element
analysis for functional morphology approaches.
Span. J. Palaeontol. 31, 117–132.
32. Marce´-Nogue´ J, De Esteban-Trivigno S, Escrig C, Gil
L. 2016 Accounting for differences in element size
and homogeneity when comparing finite element
models: armadillos as a case study. Palaeontol.
Electron. 19, 1–22.
33. Raichlen DA, Pontzer H, Shapiro LJ, Sockol MD. 2009
Understanding hind limb weight support in
chimpanzees with implications for the evolution of
primate locomotion. Am. J. Phys. Anthropol. 138,
395–402. (doi:10.1002/ajpa.20952)
34. Reddy JN. 2007 An introduction to continuum
mechanics. Cambridge, UK: University Press.
35. Doblare´ M, Garcı´a JM, Go´mez MJ. 2004 Modelling
bone tissue fracture and healing: a review. Eng.
Fract. Mech. 71, 1809–1840. (doi:10.1016/j.
engfracmech.2003.08.003)
36. Crompton RH, Sellers WI. 2007 A consideration of
leaping locomotion as a means of predator
avoidance in Prosimian primates. In Primate anti-
predator strategies (eds S Gursky-Doyen, Sharon, KAI
Nekaris), pp. 127–145. Boston, MA: Springer.
37. R Core Team. 2017 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. See http://
www.R-project.org/.
38. Anderson MJ. 2001 A new method for non-parametric
multivariate analysis of variance. Austral. Ecol. 26,
32–46. (doi:10.1111/j.1442-9993.2001.01070.pp.x)
39. Harcourt-Smith WEH. 2002 Form and function in
the hominoid tarsal skeleton. PhD thesis, University
College London, London, UK. See http://www.
academia.edu/download/31069565/404729.pdf.
40. Turley K, Frost SR. 2013 The shape and presentation
of the Catarrhine talus: a geometric morphometric
analysis. Anat. Rec. 296, 877–890. (doi:10.1002/ar.
22696)
41. Adams DC, Ota´rola-Castillo E. 2013 Geomorph: an R
package for the collection and analysis of geometric
morphometric shape data. Methods Ecol. Evol. 4,
393–399. (doi:10.1111/2041-210X.12035)
42. Adams DC. 2014 A generalized K statistic for
estimating phylogenetic signal from shape and
other high-dimensional multivariate data. Syst. Biol.
63, 685–697. (doi:10.1093/sysbio/syu030)
43. Rohlf FJ, Corti M. 2000 Use of two-block partial
least-squares to study covariation in shape. Syst.Biol. 49, 740–753. (doi:10.1080/
106351500750049806)
44. Adams DC, Felice RN. 2014 Assessing trait
covariation and morphological integration on
phylogenies using evolutionary covariance matrices.
PLoS ONE 9, e94335. (doi:10.1371/journal.pone.
0094335)
45. Marce´-Nogue´ J, Esteban-Trivigno SD, Pu¨schel TA,
Fortuny J. 2017 The intervals method: a new
approach to analyse finite element outputs using
multivariate statistics. PeerJ 5, e3793. (doi:10.7717/
peerj.3793)
46. Kuhn M. 2008 Caret package. J. Stat. Softw. 28,
1–26.
47. Kuhn M, Johnson K. 2013 Measuring performance
in classification models. In Applied predictive
modeling, pp. 247–273. New York, NY: Springer.
48. Kuhn M, Johnson K. 2013 Over-fitting and model
tuning. In Applied predictive modeling, pp. 61–92.
New York, NY: Springer.
49. Swartz SM, Bertram JEA, Biewener AA. 1989
Telemetered in vivo strain analysis of locomotor
mechanics of brachiating gibbons. Nature 342,
270–272. (doi:10.1038/342270a0)
50. Brassey CA, Margetts L, Kitchener AC, Withers PJ,
Manning PL, Sellers WI. 2013 Finite element
modelling versus classic beam theory: comparing
methods for stress estimation in a morphologically
diverse sample of vertebrate long bones. J. R. Soc.
Interface 10, 20120823. (doi:10.1098/rsif.2012.0823)
51. Buettmann EG, Silva MJ. 2016 Development of an
in vivo bone fatigue damage model using axial
compression of the rabbit forelimb. J. Biomech. 49,
3564–3569. (doi:10.1016/j.jbiomech.2016.08.020)
52. Daffner RH. 1978 Stress fractures: current concepts.
Skeletal Radiol. 2, 221–229. (doi:10.1007/
BF00347398)
53. He´bert D, Lebrun R, Marivaux L. 2012 Comparative
three-dimensional structure of the trabecular bone
in the talus of primates and its relationship to ankle
joint loads generated during locomotion. Anat. Rec.
Adv. Integr. Anat. Evol. Biol. 295, 2069–2088.
(doi:10.1002/ar.22608)
54. DeSilva JM, Devlin MJ. 2012 A comparative study of
the trabecular bony architecture of the talus in
humans, non-human primates, and
Australopithecus. J. Hum. Evol. 63, 536–551.
(doi:10.1016/j.jhevol.2012.06.006)
55. Tsegai ZJ, Skinner MM, Gee AH, Pahr DH, Treece
GM, Hublin J-J, Kivell TL. 2017 Trabecular and
cortical bone structure of the talus and distal tibia
in Pan and Homo. Am. J. Phys. Anthropol. 163,
784–805. (doi:10.1002/ajpa.23249)
56. Moazen M, Curtis N, Evans SE, O’Higgins P, Fagan
MJ. 2008 Combined finite element and multibody
dynamics analysis of biting in a Uromastyx
hardwickii lizard skull. J. Anat. 213, 499–508.
(doi:10.1111/j.1469-7580.2008.00980.x)
57. MacPhee RDE, Meldrum J. 2006 Postcranial remains
of the extinct monkeys of the Greater Antilles, with
evidence for semiterrestriality in Paralouatta. Am.
Mus. Novit. 16, 1–65. (doi:10.1206/0003-
0082(2006)3516[1:PROTEM]2.0.CO;2)
rsif.royalsocietypub
16
 on September 27, 2018http://rsif.royalsocietypublishing.org/Downloaded from 58. Kay RF, Johnson D, Meldrum DJ. 1998 A new
pitheciin primate from the middle Miocene of
Argentina. Am. J. Primatol. 45, 317–336. (doi:10.
1002/(SICI)1098-2345(1998)45:4,317::AID-
AJP1.3.0.CO;2-Z)
59. Pu¨schel TA, Sellers WI. 2016 Standing on the
shoulders of apes: analyzing the form and functionof the hominoid scapula using geometric
morphometrics and finite element analysis.
Am. J. Phys. Anthropol. 159, 325–341. (doi:10.
1002/ajpa.22882)
60. Marce´-Nogue´ J, Pu¨schel TA, Kaiser TM. 2017
A biomechanical approach to understand the
ecomorphological relationship between primatemandibles and diet. Sci. Rep. 7, 8364. (doi:10.1038/
s41598-017-08161-0)
61. Pu¨schel TA, Marce´-Nogue´ J, Kaiser TM, Brocklehurst RJ,
Sellers WI. 2018 Analyzing the sclerocarpy
adaptations of the Pitheciidae mandible.
Am. J. Primatol. 80, e22759. (doi:10.1002/
ajp.22759)lishing.org
J.R.Soc.Interface
15:20180520
